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ABSTRACT: Twenty new ternary representatives of the Gd14Ag51
structure type have been synthesized within the R-Au-M family
(R = Y, La−Nd, Sm−Tb, Ho, Er, Yb, Lu; M = Al, Ga, Ge, In, Sn,
Sb, Bi) using solid state synthesis techniques. The list of post
transition metals (M) involved in the formation of this type of
structure could be augmented by ﬁve new representatives. All
compounds crystallize in the hexagonal space group P6/m (#175)
with the unit cell ranges of a = 12.3136(2)−12.918(1) Å and
c = 8.9967(3)−9.385(1) Å, and incorporate diﬀerent degrees of Au/M
mixing. The involvement of the post transition element in the
structure varies from one to another compound both qualitatively
and quantitatively. A rather signiﬁcant phase width can be expected
for the majority of compounds, however, not without exclusions.
The distribution of the post transition metals within the structure
has been analyzed via single crystal X-ray diﬀraction. While the positional disorder of one near-origin Au position is expectable
for all compounds due to steric reasons, two specimens show an obvious deviation from the others including another Au position
split along the c axis. Possible factors aﬀecting this behavior are discussed.
1. INTRODUCTION
Gold has been revered for its ﬂexibility in chemical bonding as
well as its ability to form interesting structural features owning to
the strong relativistic eﬀect on its 5d and 6s valence orbitals.1−8
These properties make gold an opportune component for the
discovery of new complex intermetallic compounds. The varied
bonding capabilities and size of gold also provide a prime oppor-
tunity for the incorporation of slight structural changes akin to
the substitution of various group 13−15 elements. Examples of
gold’s ﬂexibility in structure and bonding are numerous, including
the formation of quasicrystals, their approximants and related
crystalline formations with crystallographically forbidden sym-
metries, along with various homoatomic gold assemblies.8−12
Such motifs comprise isolated Au7 clusters as found in A4Au7X2
(A = K, Rb, Cs; X = Ge, Sn),13,14 one-dimensional columns such
as Au zigzag chains like in Ca3Au3In,
15 and two-dimensional slabs
which are observable in K2Au3.
16 Three dimensional gold net-
works also form in several arrangements: interconnected trigo-
nal bipyramids are found in KAu5,
17 hexagonal diamond-like
frameworks of Au are the characteristic structural motifs in the
Ae-Au-Tr (Ae = alkaline earth, Tr = triel element) systems,18−24
and assemblies of tetrahedral and square planar Au fragments
are observed in Rb3Au7.
25
Rare earth intermetallic compounds with gold have received
much research interest in the past few years, with shifting
attention toward the exploration of gold-rich regions of the
systems.20,26−31 Various compounds within these systems show
exciting or rare structural motifs and a variety of often useful
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magnetic and electronic properties such as the magnetocaloric
eﬀect,30 ferromagnetism,31 superconductivity,27 thermoelectric-
ity,32 etc. Compounds with rare earths are regarded for their
diverse magnetic properties, which they owe to the unpaired
spins provided by their well-shielded 4f electrons. By moving
down the series of rare earth elements, various magnetic moments
and atomic sizes become available, permitting an intriguing alter-
ation of magnetic interaction.
The gold-rich section of the R-Au-M family remains a par-
ticularly interesting region for further exploration. The high
content of gold allows for a higher chance of homoatomic for-
mations and more opportunities to explore the variety of Au−Au
bonding and to investigate the capability of group 13−15 ele-
ments to stabilize the structures and to aﬀect such forma-
tions. For example, substitution of gold by a post transition metal
M may allow the stabilization of ternary compounds where cer-
tain binary compounds have not been reported. Of these com-
pounds, much recent research has focused on ternary compounds
with tin and has led to the discovery of the R3Au6Sn5,
33,34
R3Au4Sn3,
33 R5Au8Sn5,
33 R4Au7Sn4,
33 R2Au5Sn2
26 and R3Au7Sn3
series of compounds,27,28 The latter can be described as super-
structural polyhedral packing of ZrBeSi-type featuring a new
homoatomic Au cluster, Au@Au6. Recent work also led to the
discovery of a compositionally and structurally related series
R3Au9Pn.
35 The R3Au9Pn structure contains Au@Au6 trigonal
antiprisms and stacking features similar to those found in R14Au51
structures that are not present in the R3Au7Sn3 structure, acting
as a bridge between the Gd14Au51 and Cu10Sn3 parent structure
types. However, gold rich systems in combination with rare earth
elements and group 13−15 elements are still largely underexplored,
showing speciﬁc scarcity with compounds featuring pnictogens
(Pn, group 15) aside from the previously mentioned work.
Because of the structural and compositional similarities between
R3Au9Pn series and the Gd14Ag51 structure type, exploration of
samples at the R:Au:M compositional ratio of 3:9:1 with rare
earth and group 13−15 metal variation often yielded more
thermodynamically stable R14(Au, M)51.
Reports ﬁrst identiﬁed the Gd14Ag51 structure type under the
formula of Ag3Gd in 1968 and further reﬁned it to the formal
structure type in 1970 with representatives spanning the near
entirety of the rare earths.36,37 The structure falls under space
group P6/m (175) and ranges in size from Hf14Cu51 (a = 11.18 Å,
c = 8.25 Å) to Sr14Hg51 (a = 13.78 Å, c = 9.88 Å).
38,39 The
structure type has come under increased study in the past decade
(speciﬁcally within ternary compounds) resulting in numerous
representatives of the type and its derivative structures.40,41
Reported compounds have displayed actinide mixing in U7Th7-
Au51;
42,43 group 11 mixing between Cu, Ag, and Au in Dy14Ag42.3-
Cu8.7, U14Au42Ag9, and U14Ag42Cu9;
44,45 and group 11 and group
13−14 element mixing with a focus on Cu−Ga ranging from
Gd14Cu48Ga3 to Sc14Cu36.7Ga14.3.
46,47 R-Au-M (R = rare earth,
M = groups 13−15) representatives have only recently been
reported solely for Ga and Sn.48,49 Though studied more recently
in detail, a consensus on how site mixing and coloring occur
within these ternary compounds does not appear to exist,48,50,51
and the numerous R-Au-M compounds studied within this
work shed more light on this phenomenon.
2. EXPERIMENTAL SECTION
Synthesis. Starting materials used for synthesis were Au (99.98%),
rare earth elements (99.9%), and group 13−15 elements Al, Ga, Ge,
In, Sn, Bi (99.99%) from the Materials Preparation Center, Ames
Laboratory, and Sb (99.99%) from Alfa Aesar. Extra Au and Bi were
obtained from MaTeck (99.99%) and Alfa Aesar (99.999%) respec-
tively. A representative of the R14(Au, M)51 series was ﬁrst observed in
the Gd−Au−Sb system as a minor phase in a sample loaded with
Gd:Au:Sb in a 2:5:1 ratio. The sample was reacted in a sealed tantalum
ampule jacketed in fused silica at 1000 °C for 3 h, followed by
annealing at 850 °C for 12 h. Diﬀerent synthetic conditions were then
tested at loaded (R:Au:M) 3:9:1 compositions in order to explore the
R3Au9Pn series, often yielding R14(Au, M)51 as the majority phase
product. Investigation spanned the breadth of the rare earths (Y, La−
Nd, Sm−Lu tested with Au and Sb) as well as various group 13−15
elements (Al, Ga, In, Sn, Sb, and Bi tested with Gd and Au). This con-
stitutes the majority of included compounds. However, R14(Au, M)51
compounds discovered through other, unrelated R-Au-M explorations
loaded at diﬀerent Au-rich compositions have also been included for a
more comprehensive overview (Gd:Au:Sb and Yb:Au:Sn at 3:7:3
and Er:Au:Ga, Ce:Au:Ga, and Lu:Au:Ga at 14:34.1:16.9). Regardless
of loaded composition, the general strategy was to react the starting
materials at high temperatures (either by heating in an electrical-
resistance furnace until at least one component reached the liquid state
or by arc melting), followed by annealing at lower temperature to create
higher quality single crystals for X-ray structure analysis. Total mass of
samples prepared was 0.5 g. All samples were handled under inert
conditions using standard techniques.
Samples to be arc melted were ﬁrst formed into pellets using a die
press to combine the starting materials (as small chunks or ﬁlings) with
two metric tons of force. Because of the low melting points and high
vapor pressures of some group 13−15 elements, ∼6% extra mass was
added to the loaded compositions to account for loss during the process.
These elements were strategically loaded on one side of the pellet so
that it could be placed out of direct contact with the arc to discourage
vaporization. Arc melting occurred in short bursts (∼5 s or until buttons
appeared fully molten) in an inert Ar environment. Between subsequent
melts, buttons were ﬂipped (three to four times in total) to improve
homogeneity. Samples were sealed in tantalum tubes (under inert
Ar atmosphere by arc welding) followed by fused silica jackets (under
vacuum) before annealing at 850 °C in a tube furnace.
Samples to be formed by high temperature self-ﬂux reactions in
furnaces were ﬁrst loaded at a R:Au:M stoichiometric ratios into
Ta tubes which were then sealed by arc welding in Ar followed by
jacketing in fused silica under a vacuum. To ensure full reactions while
discouraging Ta−Au binary formation, temperatures slightly under the
melting point of the main component (Au) were used. The fully molten
M component and high surface area to volume ratio of the other com-
ponents (small chunks or ﬁlings) encouraged reactivity. All samples,
despite the synthesis technique, appeared dark gray with a metallic
luster, and remained stable weeks later.
X-ray Analysis. X-ray powder diﬀraction for phase analysis was
performed on samples by either a STOE STADI P diﬀractometer with
a STOE image plate detector with Cu Kα1; λ = 1.54059 Å (Si as an
internal standard, a = 5.4308(1) Å). For powder preparation the brittle
samples were ground, then sieved to <38 μm particles, and dispersed
onto either vacuum grease sandwiched between Mylar sheets and ﬁxed
by Al rings. Data analysis was performed with the WinXPow 3.06
software package.52
Scanning electron microscopes (SEM) were used for character-
ization of microstructure and homogeneity for several representatives
of the series. A Leica Cambridge 360 equipped with an Oxford X-Max
20 analyzer (for energy dispersive X-ray analysis, EDS) allowed for
semiquantitative elemental analysis. Utilizing a high-tension voltage of
20.0 kV, distinct phases were recognized and further analyzed via EDS
to identify the phase composition (counting time of 60 s). The Pr14-
(Au, Sb)51 sample was analyzed with a JEOL JSM 6060LV (20.0 kV
and counting time of 160 s). With the accuracy within 1 atom %, the
data allow for veriﬁcation of the estimated compositions by the single
crystal method.
For single crystal X-ray diﬀraction, samples were crushed in a die
press, and single crystals were selected under a microscope and then
aﬃxed to a glass ﬁber with grease. Single crystal X-ray diﬀraction took
place at room temperature on either a Bruker APEX CCD diﬀrac-
tometer or a Bruker D8 VENTURE diﬀractometer (both with
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Mo Kα radiation; λ = 0.71073 Å), utilizing the APEX 2 and APEX 3
software suites (for the former and the latter diﬀractometer, respec-
tively) for data collection, integration, polarization, and empirical absorp-
tion correction.53,54 Scans ranged 2θ values of ∼3−63°. The SHELXTL
suite, and XPREP algorithms within were used to check for extinction
conditions and E statistics in the intensity data sets necessary for the
assignment of the proper P6/m space group. Direct methods were
used for structure solution (SHELXS-97).55 APEX 3 software was then
used to carry out full structure reﬁnement (reﬁning atomic positions,
determining mixed site occupancies, and anisotropic displacement
parameters).
3. RESULTS AND DISCUSSION
Pursuit of R3Au9Pn within the wider realm of the R-Au-M systems
produced numerous ternary representatives of the compositionally
similar R14(Au, M)51 phases. These compounds exhibit variation
in overall composition as well as Au/M site mixing despite par-
allel elemental ratios and synthesis conditions. Representatives of
R14(Au, M)51 compounds comprise R = Y, La−Nd, Sm−Tb, Ho,
Er, Yb, Lu; M = Al, Ga, Ge, In, Sn, Sb, Bi, including Yb14(Au, Sn)51,
and Lu14(Au, Ga)51 which are ternary representatives with no
reported binary phase, as well as a replication of the recently
reported Er14(Au, Ga)51 ternary representative for comparison.
48
The details of the crystallographic investigation along with the
positional data for three example compounds (Gd14(Au, Sb)51,
Lu14(Au, Ga)51, and La14(Au, Bi)51) are summarized in Tables 1
and 2. (See Appendix for CCDC numbers of all samples.)
Crystal Chemistry. The crystal structure of the R14(Au, M)51
compounds accounts for 10 independent crystallographic sites,
three of which are occupied by the rare earths. The coordination
polyhedra of these three rare earth element positions (Figure 1)
build up a layered structure (Figures 2 and S4). A characteristic
feature of the structure is the Au7 site, which forms hexagons cen-
tered around the c axis. Due to Au−Au short distances (∼1.6 Å),
these sites are only half-ﬁlled and practically form triangles. In the
case of Gd14Ag51 structures, these triangles are statistically disor-
dered, while ordering is observed in structurally related amalgam
structures.40,56−58 Independent reﬁnement of this positions results
in 50(1) % occupancy for the binary compounds.41 The occu-
pancy for Au7 has been ﬁxed at 50% to explore Au/M mixing at
this site. This disordered site is highlighted in the top and
bottom planes of the face-sharing double coordination poly-
hedra for the R2 sites displayed in Figure 2a (with coordination
number (CN 15 instead of CN 18). The R3 coordination poly-
hedra form the top and bottom slabs of the layered structure via
face sharing (Figure 2b) and incorporate the disordered posi-
tion by forming either 13 or 14 atom coordination polyhedra
depending on the conformation of the triangle of the partially
ﬁlled Au7 sites. A second slab of R1 coordination polyhedra
(CN 14) share edges with the R2 face-sharing double poly-
hedra and share faces with the R3 polyhedra slabs above and
below. An alternative perspective of the structure is shown in
Figure S3, displaying a pinwheel of the R1 and R3 coordination
polyhedra about the R2 site and the c axis.
While almost all compounds in this report adopt minor modiﬁ-
cations of the basic Gd14Ag51 structure type through alterations in
bond lengths, one noticeable diﬀerence occurs in the La−Au−Bi
and Lu−Au−Ga ternary representatives. The Au6 site within
this structure becomes disordered, creating a secondary posi-
tion ∼0.5 Å oﬀset along the c axis (see Table 2). The coordi-
nation polyhedra of this site for both structures are represented
in Figure 3, with unoccupied positions as black spheres for
clarity. The comparatively small radii of Lu and Ga create a
noticeably small unit cell for the Lu−Au−Ga representative of
the series. When the Ga6A site is occupied (Figure 3a, right),
the distance to adjacent Au6 sites lengthens to 3.540 Å, which
appears unreasonably long. Simultaneously, a short Ga6A−Au5
distance of only 2.488 Å forms. While uncommon, shorter
distances are reported in other Au−Ga compounds.11 For
La−Au−Bi, the expanded structure leads to an unreasonably long
Au6−Au6 distance (3.870 Å), reducing the coordination poly-
hedra regardless of if the disordered position is occupied. The
Bi6A disordered site has an occupancy of 17% over the normal
Table 1. Crystallographic Details and Reﬁnement Parameters for Gd14(Au, Sb)51, Lu14(Au, Ga)51, and La14(Au, Bi)51
a
Gd−Au−Sb Lu−Au−Ga La−Au−Bi
Crystal data
chemical formula Au48.27Gd14Sb2.73 Au35.30Ga15.70Lu14 Au49.93Bi0.70La14
Mr 12041.21 10497.10 11925.56
temperature (K) 296 293 297
a, c (Å) 12.6929(5), 9.2006(5) 12.3233(4), 8.9664(3) 12.918(1), 9.385(1)
V (Å3) 1283.7(1) 1179.24(9) 1356.1(3)
Z 1 1 1
μ (mm−1) 156.43 147.02 147.38
crystal size (mm) 0.1 × 0.1 × 0.1 0.1 × 0.1 × 0.1 0.1 × 0.1 × 0.1
Data collection
diﬀractometer Bruker CCD Bruker Venture Bruker Venture
Tmin, Tmax 0.1, 0.2 0.1, 0.2 0.1, 0.2
no. of measured, independent and observed 11869, 681, 541 13515, 1231, 997 38695, 1404, 1274
[I > 2σ(I)] reﬂections
Rint 0.122 0.090 0.111
θmax (deg) 23.5 30.0 30.0
(sin θ/λ)max (Å
−1) 0.56 0.703 0.703
Reﬁnement
R[F2 > 2σ(F2)], wR(F2), S 0.027, 0.057, 1.01 0.031, 0.060, 1.09 0.027, 0.055, 1.17
no. of reﬂections 681 1231 1404
no. of parameters 63 66 64
Δρmax, Δρmin (e Å−3) 2.34, −3.22 4.33, −4.93 3.75, −3.42
aFor all structures: hexagonal, P6/m. Experiments were carried out with Mo Kα radiation with empirical absorption correction.
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Au6 site, but occupation of this Bi6A site appears problematic as
it forms an unrealistically short Bi6A−Au5 distance of 2.233 Å.
However, a complementary occupancy of 82% is noted for the
Au5 site, representing an absence in both the Au5 and Au6
sites when the Bi6A site is occupied (Figure 3b, right). The
origin of this disorder is speculated to stem from size eﬀects, as it
only appears present in a sample with a large R element mixed
with a large M element, and a sample with a small R element
mixed with a small M element. However, future experimentation
or theoretical calculations may elucidate this.
A similar disorder is seen in the related amalgam Eu10Hg55
structure.56 Because of the ordering of the split Au7 position,T
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Figure 1. Coordination polyhedra for the three rare earth sites R1−R3
in Gd14Au51. The disordered half-ﬁlled Au7 position is highlighted in
the R2 and R3 polyhedra for clarity. Because of its occupancy, R2 sites
are coordinated by only 15 atoms, and R3 sites are coordinated by
13 or 14 Au atoms depending on if the Au7 site is occupied.
Figure 2. Side and top perspectives ((a) and (b) respectively) of the
polyhedral packing within Gd14Au51 made up of the three Gd sites’
coordination polyhedra. The disordered, half-ﬁlled Au7 site is highlighted
in tan for clarity. Polyhedra form face and edge sharing slabs around
columns of interpenetrating Frank−Kasper polyhedra (shown in blue).
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the system moves into the P6 ̅ space group. Additionally, the
R2 site becomes a mixed Eu/Hg position (accounting for the
composition change). Aside from these diﬀerences, both the Au5
and Au6 positions appear disordered along the c axis. The dis-
ordered positions are more nearly equidistant between their orig-
inal site and the nearest above/below and are approximately 50%
occupied.
The full list of discovered ternary gold intermetallics organized
by rare earth and then post transition metal components is pre-
sented in Table 3. Three values are listed for Gd−Au−Sb that
were taken from samples loaded from diﬀerent starting Au-rich
compositions for comparison. The Er14(Au, Ga)51 compound,
though already reported in the literature, was replicated to
conﬁrm Au−Ga mixing is possible at each Au crystallographic
site as described and will be discussed further. As a note, testing a
second crystal from the same Er14(Au, Ga)51 sample showed
comparable mixing percentages in the same sites. This asserts
that the single crystal data within this work are representative of
site preference and not stochastic for all sites.
Deviations from reported binary cell volumes range from
−1.9% to +3.3% with substitutions typically increasing the unit
cell size despite Bi being the only tested M element with a
noticeably larger covalent radii than Au.59 In fact, the largest cell
volume increase is noted for the Ho14(Au, Sn)51 sample despite
not having an exceptional amount of post transition metal mixed
into the gold sites. Another example of tin’s ability to expand the
structure is found in Yb14(Au, Sn)51 which contains a large
amount of tin and is the only heavy rare earth element example
with an unit cell volume over 1300 Å3. Ho−Au/Sn interatomic
distances for coordination polyhedra range from 3.066−3.311 Å
(excepting a short 2.846 Å distance connecting the R3 position
to the disordered Au7 site when forming the 14-atom coor-
dination polyhedra), approaching the sum of the Ho and Au
covalent radii of 3.180 Å. Au/Sn−Au/Sn distances show a similar
variance, ranging from 2.718−3.218 Å (ignoring the distance
well under 2 Å between two adjacent disordered Au7 sites).
These values are shorter than, and longer than, the Au−Au
covalent radii summation of 2.880 Å respectively, but are not
unheard of values within gold intermetallics.60
While there is no known binary for unit cell volume com-
parison, the smallest cell is found in Lu14(Au, Ga)51. This is due
not only to small radius of Lu, but also signiﬁcant mixing of Au
with smaller Ga atoms. In fact, this sample has the highest con-
centration of post transition metal of the list of tested com-
pounds. Aside from those distances involved with the extra
disordered position that was discussed above, short distances
between Au/Ga sites exist between Au2−Au2 sites (2.541 Å)
and Au1−Au4 sites (2.645 Å). However, neither are exception-
ally short within the literature.11,61 And more generally, atomic
R−Au, Au−Au, and Au−M distances within all other samples
appear within expected values from literature from their respec-
tive ﬁelds of intermetallics.62−64
SEM images with EDS analysis of La−Au−Bi, Pr−Au−Sb,
Nd−Au−Ga, Sm−Au−Bi, and Lu−Au−Ga samples (Figure S1
and Table S1 respectively) are in agreement with atomic com-
positions predicted from reﬁnements of single crystals and
support claims that samples in this report are in fact ternary
representatives and not simply the reported binary phases. Atomic
phase width reported for the Pr14Au51 and Gd14Au51 binary
phases (as well as within a ternary representative: Pr14(Au, Sn)51)
allows for slightly more gold-rich compositions than expected
from the line composition.49 EDS elemental values from the
report on the R3Au9Pn structure describe a secondary phase
labeled as “Tb14(Au, Sb)51,” which are also within 1 atom % of
the composition designated for the Tb−Au−Sb sample by the
single crystal reﬁnement data of this work. In the cases of
Gd−Au−Sn, Ho−Au−Ge, and Ho−Au−Sb, powder X-ray dif-
fraction shows representatives of the R14(Au, M)51 structure are
forming in these systems (see Figure S2 for a R14(Au, M)51
main-phase example). This is further supported by SEM/EDS
analysis which also supplies overall compositions.
The degree of Au/M site mixing is summarized in Table 3.
The overall amount of the M component within the composition
varies greatly from only 0.5% in Nd14Au50.7Sb0.3 to 24.2% in
Lu14Au35.3Ga15.7. While the amount of overall M within the
phase may be limited by the starting composition as well as if
other phases were present, there is some indication of available
phase widths. This point is emphasized by the three Gd−Au−Sb
samples that stemmed from three diﬀerent starting compo-
sitions (multiphase samples starting from Gd:Au:Sb ratios of
3:9:1 to 3:7:3) that show increasing overall Sb mixing from
4.2−8.6%. Single crystal reﬁnements of these separate samples
all show mixing in sites Au6 and Au7. The most Sb-rich crystal
appears to fully occupy the Au6 site with Sb before allowing
mixing to take place in a third location, the Au4 site. The majority
of samples were synthesized from a 3:9:1 R:Au:M ratio (7.8% M),
and yet over half of the R14(Au, M)51 compounds contain
less than this amount of M (∼R14Au46M5). This proposes that a
maximum phase width has been reached for those samples.
Figure 3. A representation of the additional split position located in
the La−Au−Bi and Lu−Au−Ga samples where unoccupied sites are
displayed as black spheres. The shorter unit cell for Lu−Au−Ga and
Ga’s signiﬁcantly smaller radii to that of A create an unreasonably long
Au5−Ga6A distance (∼3.5 Å) when Ga6A is occupied (A right).
While the Ga6A−Au5 distance is short (∼2.5 Å), it is not unheard of.
When the Bi6A site is occupied (B right), a short Bi6A−Au5 distance
is formed; however, we see a complementary vacancy in the Au5 site.
Au6−Au6 lengths also increase signiﬁcantly to unreasonable lengths
(∼3.9 Å).
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A trend of high Au/M mixing stood out for Ga samples,
prompting testing at higher concentrations (the Er−Au−Ga
and Lu−Au−Ga samples). These high-Ga samples were used
as a comparison to an Er14Au34.1Ga16.9 sample reported by
Verbovytskyy that conveyed mixing in all seven Au sites, as
determined by powder X-ray diﬀraction analysis.48 While the
starting composition may be limiting in some cases, this report
covers samples with overall M of up to 24.2%, and yet none of
the samples displayed Au/M mixing in all seven sites simul-
taneously, as described in Verbovytskyy’s report. Lu14(Au, Ga)51,
with its extensive mixing, is also the only sample that reﬁnes
mixing into the Au1 site. For comparison, the Nd14(Au, Sb)51
sample with only 0.5% overall Sb showed small amounts of
mixing in two sites. Three samples with Bi (La14(Au, Bi)51,
Sm14(Au, Bi)51, and Gd14(Au, Bi)51) display another trend: low
Au/Bi mixing. Each sample displays mixing in only one site,
which is diﬀerent for each of the three samples.
It should also be noted that in all but three samples, reﬁne-
ment data propose mixing in the half occupied, disordered Au7
site. The three outliers are all samples that include Bi, which is
slightly larger than Au. Even after the Au7 hexagons have been
ordered into triangles, there are still relatively short Au−Au
bonds (∼2.70 Å) across the series. Substitution of Au with
smaller atoms (or similar sized atoms that still create favorable
heteroatomic bonds) may alleviate the local energy of this site.
The literature appears inconsistent with its allowance of mixing
at this disordered atomic site. In the work previously mentioned
by Verbovytskyy, mixing was determined by powder X-ray dif-
fraction to exist at all seven sites, including the disordered Au7,48
while in recent works by Belgacem et al. and Lin and Corbett
mixing at this site is discounted.50 A disordered Er site in the
Er14Cu51‑xGax (5.5 ≤ x ≤ 11.0) compound reported by Belgacem
et al. that is near the Au7 site would have likely shown pref-
erential occupancy if the Au7 site showed mixing.51 No analogous
disordered rare earth site is present in the samples of this work.
Other works do not discuss individual site mixing in detail and
assume mixing in all sites based on the overall starting compo-
sition of the samples.46,47,65
Statistical analysis of data within Table 3 was attempted
in order to draw structural and mixing relationships. Factors
analyzed include size of R and M atoms, valence electron count
(VEC), ΔV from binary structures, overall %M in samples, and
individual site mixing. No direct relationships between the
parameters listed were unraveled due to the limited data set
available. Such interactions may be determined if a larger data
set (systematic testing of possible R-Au-M combinations with
multiple replications) was available. On the other hand, site pref-
erence for Au/M mixing within a given system may be better
understood by performing theoretical structure calculations such
as total energies analysis for each possible combination. Such
analysis has been performed in detail for the neighboring Au-rich
phases of the NaZn13 type and its derivatives
31 showing the
importance of site preference on the structural stability and the
choice of the symmetry. On the other hand the role of chemical
pressure in the formation of the Gd14Ag51 type has been eval-
uated in a previous work.66
4. SUMMARY
A series of R-Au-M ternary representatives of the Gd14Ag51
structure have been investigated, greatly expanding on the list of
Table 3. Lattice Parameters, Cell Volume (As Well As Comparison to Reported Binary Compounds) a Summary of Individual
Site Mixing Data for all R14(Au, M)51 Single Crystal Data from This Work
a
lattice parameters %M mixing at Au site
compound a [Å] c [Å] Vobs [Å
3] ΔV% 1 2 3 4 5 6 7 vec
Y14Au47.1Sb3.9 12.638(2) 9.215(2) 1274.7(4) 1.3 75 29 1.55
La14Au49.9Bi0.7
b 12.918(1) 9.385(1) 1356.1(3) 0.7 17 1.45
Ce14Au42.6Ga8.4 12.750(1) 9.262(1) 1304.0(3) −1.6 34 25 11 62 22 1.69
Ce14Au47.8Sb3.2 12.869(1) 9.332(1) 1338.5(3) 1 50 28 19 1.53
Pr14Au48.7Sb2.3
b 12.820(2) 9.3043(2) 1324.4(5) 0.8 41 23 1.50
Nd14Au45.6Ga5.4
b,c 12.680(2) 9.212(1) 1282.6(4) −1.3 40 8 58 28 1.60
Nd14Au50.7Sb0.3 12.743(2) 9.276(1) 1304.5(4) 0.2 5 6 1.44
Sm14Au50.6Bi0.4
b 12.7260(5) 9.2403(4) 1296.0(1) 0.9 11 1.48
Gd14Au44.5Al6.5 12.5613(5) 9.1195(3) 1246.2(1) −1.6 48 13 87 8 1.63
Gd14Au43.0Ga7.0 12.553(1) 9.112(1) 1243.5(3) −1.9 50 10 73 7 35 1.65
Gd14Au48.65In2.35 12.686(1) 9.1727(9) 1278.5(3) 0.9 8 15 28 1.50
Gd14Au46.9Sn4.1
b,c 12.6958(1) 9.1960(1) 1283.7(1) 1.3 N/A 1.62
Gd14Au48.3Sb2.7 12.6929(5) 9.2006(5) 1283.7(1) 1.3 47 28 1.51
Gd14Au48.0Sb3.0 12.692(2) 9.215(2) 1285.5(4) 1.5 51 33 1.52
Gd14Au45.4Sb5.6 12.706(2) 9.217(2) 1288.7(4) 1.7 6 99 34 1.60
Gd14Au46.9Bi4.1 12.642(2) 9.195(2) 1272.7(4) 0.4 34 1.56
Tb14Au49.1Sb1.9 12.638(4) 9.172(4) 1268.6(1) 1 4 26 21 1.49
Ho14Au45.3Ge5.7
b,c 12.4888(2) 9.0812(3) 1226.64(4) −1.5 N/A 1.69
Ho14Au48.2Sn2.8 12.710(2) 9.196(2) 1286.7(4) 3.3 11 37 23 1.56
Ho14Au45.1Sb5.9
b,c 12.6192(1) 9.1869(1) 1267.0(1) 1.8 N/A 1.61
Er14Au39.9Ga11.1 12.406(1) 9.029(1) 1203.4(3) N/A 45 41 64 48 1.77
Yb14Au37.8Sn13.2 12.8315(4) 9.2435(4) 1318.0 (1) N/A 30 36 32 50 36 2.04
Lu14Au35.3Ga15.7
b,c 12.3233(4) 8.9664(3) 1179.24(9) N/A 24 54 45 62 59 1.91
aExcept for those cases labeled with “N/A” where SCXRD analysis for binary compounds was not performed. bComposition veriﬁed with EDS.
cLattice parameters veriﬁed with PXRD (see Tables S1 and S2).
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known representatives as well as post transition metal options for
gold-site mixing. Twenty unique representatives are reported
while including multiple crystals within samples for phase width
comparison. All adhere to the P6/m space group and are iso-
structural to Gd14Ag51, barring the Lu−Au−Ga and La−Au−Bi
samples, which have an additional disordered Au site. When
occupied, the new position alters coordination polyhedra, as well
as forces a complementary vacancy with a nearby gold site. The
addition of post transition metals stabilized the structure of
Lu14(Au, Ga)51 and Yb14(Au, Sn)51, for which no binaries have
been reported. Overall post transition metal mixing ranged from
0.5% to 24.2% of the total composition between samples. Of the
seven Au sites, mixing took place at a minimum of one and a
maximum of ﬁve within each sample (covering all seven sites
across the structure). This work allowed for mixing within the
half-ﬁlled, disordered Au7 and, found that all but three samples
reﬁned mixing on this site, showing a strong preference for it.
While more systematic testing across the family with repetition
may elucidate further on size and electronic trends for mixing at
individual sites, this work certainly includes mixing data on the
greatest number of elemental combinations for ternary Gd14Ag51
representatives within one report and may act as a platform for
future understanding.
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